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C H A P T E R I 
INTRODUCTION 
I . 1 I n t r o d u c t i o n to c a t a l y t i c hydrogénat ion 
To d a t e , t h e most important and i n d u s t r i a l l y used hydrogé-
na t ion c a t a l y s t s are f i n e l y d i spe r sed meta ls on suppor t s e . g . 
(Ά Q 1Π ^ 
Ni, Co, Pt, Pd on silica, alumina, carbon ' ' • The adsorp­
tion of the substrates on the surface of the catalyst and the 
fission of hydrogen molecules into surface-bonded hydrogen atoms 
are important steps in the mechanisms. 
A completely analogous situation is found m hydrogénation 
mechanisms of homogeneously catalysed reaction systems. Also 
m this case the activation of hydrogen into hydride ligands 
is found to be a necessary step. Without hydrogen activation 
the hydrogénation of unsaturated compounds does not occur. 
In the literature, three types of hydrogen activation are 
distinguished. 
1. Hemolytic cleavage of the H-Η bond and incorporation of both 
hydride ligands in the coordination sphere of the metal. 
M + n + н 2 z^ M
+ n + 2 H 2 
2. Homolytic c leavage of t h e H-Η bond and i n c o r p o r a t i o n of one 
hydride l i gand per complex molecule . 
2M+n + H2 ^ 2M
+ n + 1H 
3 . H e t e r o l y t i c cleavage ( l igand e x c h a n g e ) . 
M+nX + H2 ^ M
+nH + Ж 
9 
CoH-(PPh,)- wil l Ъе shown to have a complicated hydrogen a c t i ­
vation mechanism, v iz . a comhination of mechanism type 1 and 2. 
I t i s generally accepted that the coordination of the o le­
fin on the catalyst i s necessary, before i t s hydrogénation can 
occur. The ir-olefm complex serves hoth to lessen the double 
hond character of the olefin and to place the substrate m a 
favorable posit ion for interaction with a hydride ligand. 
5 + C=C 5»: ? С M ^ ^ M-« 
The activation of the olefin occurs normally on a vacant site 
of coordinatively unsaturated compounds. The vacant site is ge­
nerated Ъу dissociation of a ligand from the complex. It has 
been suggested that in such cases solvent molecules temporarily 
(2) 
occupy the vacant site .As will be described in this thesis, 
we have experimental evidence that such a mechanism is realis­
tic. 
The hydrogénation of the coordinated olefin can take place 
by transfer of two hydride ligands from the catalyst to the 
olefin ( if two hydride ligands are available), or by transfer 
of one hydride ligand, followed by a protonolysis reaction of 
the metal—alkyl bond (common mechanism on monohydride hydrogéna-
tion catalysts). After the desorption of the product the cata--
lyst is ready for a new cycle. 
Recently, a series of very powerful hydrogénation catalysts 
have been discovered. The best investigated example of this 
type is RhCl(PPh.),. In organic solution the complex activates 
one hydrogen molecule into two hydride ligands. Isolated double 
bonds are hydrogenated by this catalyst. Kinetic evidence sug-
gests the catalytic species to be RhH„Cl(PPh:. ). or its solvated 
10 
(2 з) 
species ' . After the discovery of this potent catalyst, a num­
ber of other transit ion-metal catalysts with phosphine ligands 
have been developed ^ ^ J . Usually the metals used were Rh, Ir, 
Ru or Pd. Rrom the first row of transition metals the complexes 
CoH (PPh ) and Co(7r-allyl) (P(OMe) ) 6' 7^ are able to hydroge-
nate isolated double bonds. 
The reason for the scientific interest in homogeneous cata­
lytic systems is, that these catalysts exhibit some advantages 
with respect to their heterogeneous analogs. The mam advanta­
ges are : 
1. The catalytic active species has an uniform structure, so 
that complicating factors like crystallite size distribu­
tion, heat of adsorption distribution, etc. are avoided, 
which makes a study of their catalytic behaviour more unam­
biguous. 
2. Many homogeneous catalysts are synthetised very reproducibly, 
mainly because they can be obtained in the crystalline form, 
which makes the purification by repeated recrystallisation 
possible. 
3. By variations m the ligand structure, subtle electronic and 
stenc influences can be studied. 
4. Homogeneous catalyst are in principle well ascessible to 
spectroscopic experiments, so that sometimes intermediates 
of the catalytic cycle can be observed in a direct way. 
5· Most homogeneous catalysts are active under ambient conditions 
(room temperature and atmospheric pressure). 
6. When using specially designed catalysts, selective reactions 
can be carried out. 
Against these advantages homogeneous catalysts exhibit some 
disadvantages, compared with the heterogeneous ones. 
1. The catalyst is active, if dissolved in the reaction solu-
11 
-tion. Consequently, separation of the catalyst in reaction 
mixture Ъу filtration is impossible. 
2. Homogeneous catalysts are often thermo-ІаЪіІе. Their use at 
high temperatures results then in the decomposition of the 
catalyst. 
The most recent developement in catalysis are attempts to 
fill the gap between homogeneous and heterogeneous catalysis Ъу 
anchoring a homogeneous catalyst to a support (usually silica 
Í1 11 12Ì 
or polystyrene) ' ' . Rrelimmary results of Haag et al 
(11) 
show that the support cannot he regarded as inert materi-
al, hut contrarily has a large effect on the distribution of 
the reaction products. In fact the support of such catalysts 
can be regarded as a large ligand. It is known that reaction 
rates are very sensitive to subtle chemical changes of the li— 
gands. Therefore, it is likely, that supported homogeneous car-
talysts exhibit different proporties compared with the homoge-
neous analogs, since even extremely small enthalpy and entropy 
changes, induced by a somewhat different ligand structure, may 
result in significant activity changes. Consequently, m future 
much work has to be done on measuring and explaining the influ-
ence of the support on the catalytic behaviour of supported ca-
talysts. Such studies may also be expected to afford more under-
standing of more conventional heterogéneos catalysts. 
1.2 Derivation of the rate formula from a given mechanism. 
In this thesis many rate expressions are given. Therefore, 
to give more insight into the derivation of the rate expression 
from a given mechanism, a description of a simple example will 
be given in full detail. 
Suppose, a catalyst A (concentration A ), reacts reversibly with 
12 
a substrate S (concentration S), whereas the next step is consi­
dered to he an irreversible change in S, regenerating the cata­
lyst species A. So, the mechanism becomes : 
A + S J»: AS 
AS —»- A + products 
The reaction rate becomes: 
- f = k . A S (1) 
However, we want t o express t h e r a t e i n A and S. I f we assume 
' о 
t h e second r e a c t i o n t o be slow, so t h a t t h e f i r s t r e a c t i o n a t ­
t a i n s e q u i l i b r i u m , t h e n 
AS=K.A.S (2) 
In this case the original catalyst concentration A will be di­
vided into two types of catalyst species, viz. species occupied 
with S and unoccupied apecies. 
A = A + AS 
о 
= A + K.A.S= A(1+K.S) 
Substitution yields: 
k.K.S.A 
- — - к Κ Α Ξ ^ 
- К.К.А.Ь- -,
 + K # s 
which is the rate expression for the proposed mechanism. The 
13 
•term 1 in the denominetor represents the concentration of the 
unoccupied catalyst, the term K.S the concentration of the ca<-
talyst occupied with substrate. 
If the mechanism contains more equilibria involving the catalyst, 
more terms m the denominator will Ъе the result. 
1.3 Contents of this thesis 
We have chosen CoH (PPh,), as a homogeneous catalyst for the 
study of the hydrogénation mechanism of olefins, because this 
compound showed some advantages compared with other homogeneous 
catalysts. The complex is one of the rare transition metal com-
plexes which carry hydride and tnphenylphosphine ligands only. 
The role of these three ligands in the hydrogénation mechanism 
looked very interesting, whereas it was known that the complex 
was able to hydrogenate isolated double bonds. The metal belongs 
to the first row of transition metals (cheap compared with se-
cond and third row transition metals) and the synthesis of 
CoH,(PPh-), proved to be rather simple. The complex could be 
obtained in the crystalline form. 
The aim of this investigation has been the elucidation of 
the hydrogénation mechanism of olefins by extensive kinetic stu-
dies. It was tried to support the mechanism by evidence obtained 
by spectroscopic techniques. 
In chapter II we describe a simple mechanism, based on a li-
mited quantity of kinetic and spectroscopic data. The kinetic 
measurements were extended, as described in chapter III, and the 
rate formula of a very detailed mechanism was fitted on these 
data. A very important conclusion is that solvent molecules 
play an important part in the mechanism. In order to obtain 
a confirmation of these solvent interactions, the effect on the 
rate of changes in olefin and solvent will be given in chapter 
14 
IV and V. 
Finally, in chapter VI the results of spectroscopic techniques 
(NMR, EPH) and of freezing point depression experiments are 
given. 
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C H A P T E R I I 
HYDROGENATION OF CYCLOHEXENE, CATALYSED BY CoH,(PFh,),5 
KINETICS AND POSSIBLE MECHANISM. 
By J .L .Hendr ikse and J.W.E.Coenen. 
(Repr in ted wi th permiss ion from J . C a t a l . 30, 72 (1973)) · 
I I . 1 Abst rac t 
At 40 C, the rate of hydrogénation of cyclohexene, catalys-
ed Ъу CoH (PPh ) , is described by Eq. (l). 
Η
3/ 2 τ 
^ = k'A S ^ т ^ . (I) 
d t 0
 (1+к"Н;р (1+к"'Р) 
where A , S, H. and Ρ are the concentrations of cata lys t , cy­
clohexene, hydrogen and tnphenylphosphme, respectively, in 
solut ion. Equation ( l ) shows that tnphenylphosphme i s an in­
hib i tor for the hydrogénation reac t ion . 
Infrared measurements indicate that PPh. does not retard 
the hydrogen-deuterium exchange between the catalyst and the 
gas phase. The conclusion i s that PFhu inh ib i t s the addition 
of cyclohexene by displacing equilibrium ( I I ) , 
CoH3(PPh3)3 5 £ CoH3(PPh3)2 + PPh3 ( I I ) 
to the l e f t , and that both hydrogen and cyclohexene have sepa-
ra te s i t e s on the ca ta ly t ic active species of the compound. 
I I . 2 Introduction 
The best investigated triphenylphosphine-transition metal 
16 
f 1 2) hydrogénation catalyst to date i s RhCl(PPh,), . Essential 
for th i s catalyst i s the act ivat ion of one hydrogen molecule 
into two hydride ligands. The active species i s considered to 
be the octahedral complex RhH„Cl(PPh-. )_So, where So i s a s o l -
vent molecule, which temporarily occupies a phosphme s i t e . 
Another type of homogeneous hydrogénation catalyst i s IrH(CO) 
(PPh.), ^ . The active species of the compound, IrH(CO)(PPh,)„ 
So, i s in equilibrium with IrH (CO)(PPh.)„, so that the r a t e 
of hydrogénation decreases with increasing hydrogen pressure 
and tnphenylphosphine concentration. Consequently, on t h i s ca-
t a ly s t , the activation of olefins occurs on a vacant phosphme 
s i t e in competition with hydrogen and tnphenylphosphine. 
In t h i s paper we report on the kinet ics of the hydrogéna-
tion of cyclohexene with CoH-(PPh,)-. as a homogeneous catalyst 
and we give a possible mechanism. I t has already been reported 
that CoH-(PPh^). i s a homogeneous catalyst for the hydrogena-
3 3 3
 (4) Ы 
t ion of cyclohexene and ethylene . However, these pa­
pers contain few kinet ic data and do not deal with extensive 
kinet ic studies of the hydrogénation of olefins with CoH (PPh-). . 
The s t ructure of CoH,(PPh ) i s most l ikely to be octahedral 3 3 3 /^ч 
with two hydride ligands in t rans posit ions . This s t r u c ­
ture i s supported by that of the analogous complex IrH.(PPh,)-
(12) 3 3 3 
, which exis t s in two isomeric configurations. The cis— 
form (one Ir-H stretching vibration at 2075 c m i n "the in f ra­
red spectrum) and the trans—form (two Ir—H stretching modes at 
2130 and 1750 cm- ) . I t has already been shown that CoH (PPh ) 
i s able to exchange hydride ligands with other molecules (e .g . (fi 7) 
Ν.) ' . Therefore, the main question of our investigation 
has been to enquire which ligand dissociates from the coordinan­
t i ve ly saturated complex in order to create a s i t e for cyclohex­
ene act ivat ion. We may ask whether i t i s a hydride ligand, in 
17 
view of the easy exchange with N., CO, e t c . , or a phosphine l i -
gand, Ъу analogy with the аЪо е-mentiorLed hydrogénation cata^ 
l y s t s . 
I I . 3 Ebcpenmental methods 
11.3.1 Materials 
Commercial benzene, ether and cyclohexene (Merck AG) were 
d i s t i l l e d off from a sodium-lead alloy, in order to remove n i -
trogen, oxygen, water and, in the case of cyclohexene, hydro-
quinone. The hydrogen was purified Ъу diffusion through Pd. 
Deuterium (Noury-Baker chemicals), cobal t( i l l )acety lacetonate 
(Merck AG) and triphenylphosphme (Merck AG) were used with­
out pur i f icat ion. Tri-n—hutylphosphme (Merck AG) was degassed 
before use. 
The catalyst was prepared under hydrogen pressure, by r e ­
ducing б g of cobal t ( i l l )acety lacetonate and 20 g of t r i p h e ­
nylphosphme m I50 ml dry, oxygen-free diethylether, with 7 
ml t r i- i-butyla lumnium. Before the addition of the tri-i—bu-
tylaluminium the mixture had to be cooled in an ice bath. The 
reaction solution was allowed to stand overnight, warming up 
slowly from 0 С to room temperature. Yellow crystals of 
CoH-(PPh,), were formed and f i l t e r e d off. The collected crys­
t a l s were washed with cold diethylether, dried and dissolved 
in freshly d i s t i l l e d , dry and nitrogen-free benzene. This ca­
ta ly s t solution was stored in a buret under hydrogen pressure. 
11.3.2 Apparatus 
The hydrogénation reactions were carried out in a glass re-
actor. All connections to the reactor, which might contact the 
used chemicals or its vapors, were of the greaseless type. The 
storage burets for the catalyst solution, benzene and cyclohex-
18 
ene were equipped with Teflon membrane valves and connected to 
the reactor Ъу means of greaseless ba l l and socket j o i n t s . All 
parts of the apparatus were carefully kept at constant tempe­
r a t u r e , within 0.1 C. The ent i re apparatus was leakproof. The 
regulating manometer, an o i l - f i l l e d U-tube, was equipped with 
a photo-electr ic sensor which opened the bottom valve of the 
o i l storage vessel as soon as the pressure in the reactor sys­
tem fe l l below the reference value, so that the reaction was 
e a r n e d out under constant pressure. The reference pressure of 
the o i l manometer was adjusted by bringing the reference ves­
sel on the desired pressure. This pressure could be read on 
the mercury manometer. A scheme of the hydrogénation appara-
tus i s given m Pig. 1 . 
To vacuum pump 
Fig. 1. Hydrogénation apparatus 
The infrared measurements were carried out in a similar аррал-
ratus to the k inet ic experiments. A loop containing a pump and 
19 
ал infrared cell was placed on the reactor, such that the reac­
tor contents were pumped through the cell continuously. So, on 
any desired moment, a spectrum of the reaction mixture could 
Ъе taken. All parts of the pump which might contact the reac­
tion licpiid were constructed from Teflon and all necessary me­
tal paz-ts in the infrared cell were made of stainless steel, 
in order to avoid corrosion Ъу the reaction liquid, 
II.3.3 Experimental procedure 
The desired amount of catalyst solution (10ml) was intro­
duced into the reactor through a stainless steel connection 
tube (i.d. l/8 in.) This catalyst solution was diluted to the 
desired concentration with distilled benzene which had Ъееп 
stored under hydrogen. The mixture was allowed to warm up m 
the reactor during I5 min under stirring. Finally, the cyclo-
hexene was added, and that was considered to be the starting 
point of the hydrogénation reaction. The progress of the reac-
tion could be read on the gas buret by following the hydrogen 
volume decreasing at constant pressure. The reproducibility of 
the kinetic measurements was better than + 5 pere, 
II.4 Results 
The effect of the variables (catalyst concentration, cyclo-
hexene concentration, hydrogen pressure and triphenylphosphme 
concentration) on the r a t e of hydrogénation has been measured. 
In the following figures, the r a t e of hydrogénation has been 
plot ted as a function of these var iab les . The r a t e of hydrogé-
nation was obtained from the tangent in the plot of hydrogen 
uptake against time at zero time. We have made measurements at 
only one temperature (40 + 0 . 1 C). 
Fig. 2 shows that the ra te of hydrogénation i s proportional 
20 
-ψι IO3 (mole / I sec 
12 16 
[СоНзІРРЬз)з]«103 (mole/I) 
Fig. 2. Rate of hydrogénation as a function of the catalyst 
concentration. S=4.12 mole/l; Р„ =896 nun Hg; T=40OC: 
2 
volume reaction mixture 50 mi­
to the catalyst concentration. The correlat ion of the r a t e of 
hydrogénation with the cyclohexene concentration i s also l i n e -
ar to a fair approximation, but exrtrapolation to zero cyclo-
hexene concentration gives an almost negl igible posit ive i n t e r -
cept with the r a t e axis (see Fig. 3)· 
The dependence of the ra te on the hydrogen pressure shows 
a strong saturat ion effect (Fig. 4) · This dependence i s descr i -
bed by: 
p3/2 
dS 
dt 
H2 
c + c p3/2 c 4 3 H2 
21 
--l-^fmole/l sec mole catalyst) 
i. 6 . , 
[CYCLOHEXENE](mole/l) 
Pig. 3o Rate of hydrogénation as a famction of the cyclohexene 
concentration. A =8.3 χ 10 mole/liter; P^ =896 mm Hg; 
о n„ 
T=40 C; volume reaction mixture 60 ml. 
Added triphenylphosphine has a strong retardation effect 
on the hydrogénation. The dependence of the rate of hydrogéna-
tion on the added triphenylphosphine concentration is descnhed 
by (Pig. 6): 
dS
 = 1 
dt c,P+cc 
о Э 
Combining the r e s u l t s of the measured separate influences of 
the variables on the r a t e of hydrogénation, the following ex-
pression r e s u l t s : 
dt - C1C2AoS 
C3 2 ^ C 6 P + C 5 
22 
which may Ъе rewritten as: 
_L Uà 
A dt 
(c,c2/cfo)S H2 3/2 
37^ ^(e^/o.ejHf^IHioycjHf/^ioVoJP 372] 
(1) 
'3 6' 4 У 2 3' 4' 2 -6' "5' 
-"Г л ^ (mole/1 sec mole calalyst) 
PH2lmmHg) 
Fig. 4· Rate of hydrogénation as a function of the hydrogen 
,-3 pressure. A =8.3 χ 10 "" mo 
T=40 C; volume reaction mixture 60 ml. 
le/liter; 3=4.12 mole/liter; 
The infrared spectra have also Ъееп measured. The spectrum 
of CoH-(PPh ) shows two bands, due to Co-Η stretching vibra­
tions. In solution of benzene, we measured the positions of 
_-] 
these bands at 1930 and I75O cm . The bending mode was located 
_1 
at 760 cm . After exposure to deuterium, all three bands dis-
23 
-¡¡Тс] (Isecmole catalyst /mole) 
IT 
. ' ι 
Pig. 5· Plot of the reciprocal r a t e of hydrogénation against 
(I/P„ ) 3 / 2 . 
appeared and only two new Ъапаз appeared, at 1265 snd 565 
cm , respect ively. The spectra were recorded under reaction 
conditions, Ъу c i rculat ing the reaction licjuid through the 
cel l continuously. The spectrum of the solvent was subtracted 
by placing a variable infrared ce l l containing benzene in the 
reference beam of the spectrophotometer. The observed change 
from hydride to deuteride ligands was very rapid . The catalyst 
was deuterated within 3 min, so that a dynamic equilibrium 
must exist between the hydrides in the complex and the hydro­
gen in the gas phase. No retardat ion of t h i s H„-D? exchange 
was observed after addition of free triphenylphosphine or 
24 
"ЗШ '
l s e c т о
^
е u t a
' y s t / m o ^ ) 
dt 
12 
[PPhj] «IO3 (mole/l 
Fig. 6· Plot of the reciprocal r a t e of hydrogénation against 
added triphenylphosphine concentration. S=4.12 mole/ 
l i t e r ; PH =896 mm Hg; A , r e sp . , (+) 2.18 χ 10 mole/ 
l i t e r , (0^ 8.37 x Ю - 3 mole/l i ter, ( · ) 16.73 x Ю - 3 
mo l e / l i t e r ; volume reaction mixture 60 ml. 
tri-n-butylphosphme, although these l a t t e r compounds are ef­
fective inhib i tors for the ca ta ly t ic hydrogénation of cyclohex-
ene. When using PBu-, a simultaneous shift of both Co-Η s t r e t ­
ching modes was observed. With a sixfold excess of PBu,, with 
respect to CoH (PPh ) . , the posit ions of these bands were I92O 
and I72O cm , which are the hand positions of the Co-Η s t r e t ­
ching modes m CoH,(PBu,).. 
II.5 Discussion 
In view of the observed inhibition of the hydrogénation by 
free triphenylphosphine, the first step m the mechanism is most 
25 
likely to Ъе the dissociation of one PPh, ligand. The kinetic 
data suggest that the addition of cyclohexene to the catalyst 
is the rate-limiting step under the experimental conditions of 
this investigation. Therefore, the following mechanism is pro­
posed. 
A + 1-|H ^t AH , A=Co(PPh ) or its solvat-
AH3 + Ρ J-AH 3P,
 e d s P e c l e s · 
A + Ρ Д> АР, 
АН + S -^- AH S, 
which gives expression (2): 
к К.нУ
23 (2) 
J_ dS
 =
 r 1 2 
A
o
 d t
 I+K 1 H^
/ 2 +K 1 K 2 H^
/ 2 P+K 3 P 
Equation (2) is identical in form to the experimental expres­
sion ( l ) . Comparison of Eqs. (l) and (2) gives the result that 
K- and К are equal. This means that the addition of free PPh 
to the complex is independent of the presence of hydride li— 
gands. 
In view of the fact that all three hydride ligand are in­
volved in the mechanism, the nature of A has to Ъе either 
Co(PPh ) ( l ) , or Co(PPh ) (II) , or the solvated species of I 
or I I . Co(PPh-)-. is less favorable, because this would imply 
that cyclohexene is activated on a coordinatively saturated 
compound. So, we conclude that A has to Ъе Со(РРІі-)-, or, more 
likely, i t s solvated species. Although the experimental Eq. 
(l) gives a fair description of the rate of hydrogénation as a 
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function of the added PPh. concentration, the phosphine contri­
bution from the dissociated complex has been neglected. With 
small additions of PPh, this effect will be significant. Allow­
ance for the dissociated PPh, can be made as follows. 
A balance over the PPh. concentrations gives: 
Ρ =added PPh, 
If we assume that also in t h i s case К and К are not very dif­
ferent and therefore suppose them to be equal, Eq. (З) simpli­
fies t o : 
Р=і(Р
а
-і/К 2 )4і{(Р а -і/К 2 ) 2 + 4(Р а +А о )/К 2 } * (4) 
Substitution of Eq. (4) into Eq. (2) gives a very good approxi­
mation of the rate of hydrogénation on the added amount of 
PPh,. Erom the slope and intercept in Pig. 5 "ths numerical va-
lue for K. has been calculated. The required solubilities of 
hydrogen in benzene were taken from the data reported by Cook, 
Hanson and Alder . The value for K_ has been calculated from 
Eqs. (2) and (4) with the aid of an iterative computer program. 
The plot of the rate of hydrogénation against the total tnphe-
nylphosphme concentration is given m Fig. 7· 
The resulting values for Κ., Κ , К, and k are shown in Ta­
ble I. 
Although Eq. (2) describes our kinetic data fairly well, 
the proposed mechanism is not fully complete, because it does 
not include a catalytic cycle. A better mechanism is given m 
Pig. 8. 
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-,-^r( I sec mole catalyst/mole) 
»JU 
dt 
12 
j ι 
["•М CORRECTED 
12 
xloWle/l) 
F i g . 7 . As F i g . 6) but PPh. concen"trat ion c o r r e c t e d for t h e 
c o n t r i t u t i o n from t h e c a t a l y s t d i s s o c i a t i o n . 
TABLE I 
Constant Unit 
Numerical 
va lue 
( l i t e r s / m o l e ) 3 ' 2 96 x IO 3 
l i t e r s / m o l e 2260 
l i t e r s / m o l e 2260 
l i t e r s / m o l e sec 0.031 
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АР -Д- А 
It Ht 
AH Ρ :*§: AH - ^ AH S 
4|| ι---
AH -*— AHSH 
+RH 
Fig. 8. Mechanism of the catalytic hydrogénation of cyclohex— 
ene on CoH (PPh ) . 
The mechanism of Fig. 8 gives the following rate expression (5). 
З/2 
1_ dS r 1 2 / >. 
A d t
 1 + к 1 н ^
2 + ( к 1 Д ) H 2 / 2 + K 1 K 2 H ^ / 2 P + K Ρ о 
1 /? 
If К >>K.H„' , Eq. (5) simplifies to (2), which is the rate ex­
pression of the framed part of the mechanism. 
Computer calculations show that this simplification is not 
fully allowed, hecause fits of -A /(dS/dt) vs О Л ц ) £І е 
the best linear plot for N=1.4. However, our experimental data 
to date are not sufficient for solving this problem in detail. 
In a later paper we shall give a more detailed mechanism, hased 
on more kinetic data. Also the mechanism of the insertion of 
the activated cyclohexene in the Co-Η bond is not clear, because 
our experiments do not give information about it. 
The infrared spectra confirm the results obtained from the 
kinetic measurements. When adding PBu, to a solution of CoH. 
(PPh^)^, a shift of both bands due to Co—Η stretching modes 
was seen. This shift was complete after addition of a sixfold 
excess of PBu, with respect to CoH-(PPh,)^. Then the band posi-
tions were I92O and I72O cm , which are the locations of the 
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Co-H s t retching modes in CoH,(PBu-), . A similar exchange 
of phosphme ligands has Ъееп published Ъу Yamamoto et a l . 
for the closely re la ted complex CoHN (PPh..),. The obser­
ved exchange supports the assumption that there i s a dynamic 
equilibrium between the phosphme ligands and the free phos­
phme in the solut ion. On the other hand, the H„-D. exchange 
was not inhibited by a tenfold excess of free phosphme. So, 
the conclusion i s that free phosphme i n h i b i t s the addition 
of cyclohexene to the cata lys t , but not the activation of hy­
drogen to hydride. This then confirms the assumption that cy­
clohexene i s activated on a phosphme s i t e , which i s probably 
temporarily occupied by a benzene molecule, while the s i t e s 
occupied by hydride ligands cannot be occupied by cyclohexene 
or phosphme. 
In the proposed mechanism the es sent ia l step i s the d i s ­
sociation of the complex into the active form of the catalyst 
and one PPh-, ligand. This phenomenon has also been observed 
with other homogeneous hydrogénation ca ta lys ts (e .g. RhCl(PPh:.)î 
and IrH(CO)(PPh ) ) . A discrepancy i s observed with the hydro-
gen pressure dependence of the ra te of hydrogénation for CoH 
(PPh,), and RhCl(PPh,), and IrH(CO)(PPh ) . The part ic ipat ion 
of three hydride ligands, following from our kinet ic data, has 
not been reported before. 
I I .6 References 
1. J.A.Osborne, P.H.Jardme, J.F.Young, G.Wilkinson, J.Chem. 
Soc.A ITU (1966). 
2. S.Siegel, D.Ohrt, Inorg.Nucl.Ghem.Lett. 8, I5 (1972). 
3 . M.G.Burnett, R.J.Morrison, J.Chem.Soc.A 2325 ( I97I) . 
4 . M.Hadai, T.Kuse, T.Hikita, Y.Uchida, A.Misono, Tetrali.Lett, 
20, HIS (197O). 
30 
5· A.Misono, Y.Uchida, T . S a i t o , K.M.Song, Chem.Comm. 419 
(1967) . 
6 . A.Sacco, M.Rossi, Chem.Comm. 316 (1967) . 
7. A.Yamamoto, L.S.Pu, S.Kitazume, S . Ikeda, J.Amer.Chem.Soc. 
82, 3071 (1967) . 
8 . M.W.Cook, D.N.Hanson, B . J .A lde r , J.Chem.Phys. 26., 748 
(1957) . 
9 . M.Rossi, A.Sacco, Chem.Comm. 471 (1969) . 
10. A.Yamamoto, S.Kitazume, L.S.Pu, S . Ikeda, J.Amer.Chem.Soc. 
23 , 371 (1971) . 
11 . A.Sacco, M.Rossi, Inorg.Chim.Acta 2 , 127 (1968) . 
12. L .Mala tes ta , M.Angelot ta , A.Araneo, F .Canz ian i , Angew.Chem. 
13 , 273 (1961) . 
31 
C H A P T E R I I I 
KINETICS ANO MECHANISM OP THE HYDROGENATION OP CYCLOHEXENE. 
By J.L.Hendrikse, J.H.Kaspersma, J.W.E.Coenen. 
(Accepted for publication in Int.J.Chem.Kin.) 
111.1 AЪstraot 
The rate of hydrogénation of cyclohexene, catalysed Ъу 
CoH.(PFh-)., has been measured under various conditions and, 
based on these data, a mechanism has been postulated. For the 
individual steps of the mechanism, enthalpy and entropy diffe­
rences have been determined. The interpretation of these para­
meters gives evidence for a more detailed mechanism, in which 
solvent molecules play an important part as "stand-in" for li-
gands, dissociated from the catalyst species. 
111.2 Introduction 
Compared to other tnphenylphosphme-transi t ion metal 
hydrogénation ca ta lys t s , few invest igat ions have been done on 
(l 2) CoH (PPh.-). ' . Recently, we reported about the ca ta ly t ic 
hydrogénation of cyclohexene with CoH-(PPh-), as a homogeneous 
3 3 3(3) 
catalyst and postulated a simple mechanism . I t was shown 
that cyclohexene i s activated on a phosphine coordination s i t e 
and that both hydrogen and cyclohexene have separate s i t e s on 
the ca ta ly t i c active species of the complex. In th i s paper 
more extensive kinet ic data are used to bring more de ta i l into 
the proposed mechanism. 
111.3 Experimental methods 
Materials, apparatus, catalyst preparation and experimen-
tal procedure used in this work have been published previous-
32 
і
У
 ( 3 )
. 
III.4 Results 
Our earlier results were confined to one temperature only 
(40 C). In the present study the rate of hydrogénation was 
measured at four temperatures (40, 45f 50 and 55 C) as a func-
tion of the variables catalyst, cyclohexene, triphenylphosphine 
concentration and hydrogen pressure. 
Pig. 1 shows the rate of hydrogénation as a function of 
the catalyst concentration. Only initial rates are used to pre-
vent interference Ъу catalyst ageing. The range of concentrations 
studied was extended with respect to previous work. Over this 
wider range, the dependence of the rate on the catalyst con­
centration is no longer linear. An explanation of this pheno­
menon will he given in the discussion. 
At all four measuring temperatures, the rate of hydrogé-
nation as a function of the cyclohexene concentration, as gi-
ven in Fig. 2, shows a dependence which is not strictly linear 
hut has a faintly sigmoid character, which is significant and 
not due to the experimental error. 
Fig. 3 gives the plot of the rate of hydrogénation versus 
hydrogen pressure. It shows a saturation effect at higher pres-
sures. 
The influence of added PPh. on the rate of hydrogénation 
is given in Fig. 4· At every temperature, the measurements were 
done at three catalyst concentrations. 
To get more insight in the transition state of the rate 
determining step, the kinetic isotope effect was measured Ъу 
deuteration of cyclohexene. The observed (juotient of the rate 
of hydrogénation and deuteration at 40 С and 88О mm Hg pressure 
of hydrogen, resp. deuterium, was 1.52. 
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- d ü J χio3(mole/l sec) 
dt 
Fig. 1. Rate of hydrogénation as a function of the catalyst 
concentration. S=4.12 mole / l i te r ; F„ =896, 84O, 78I 
and 726 mm Hg resp . at 40, 45, 50 ала 550C. 
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2 t 6 8 
[CYCLOHEXENE](niole/l) 
Fig. 2. Rate of hydrogénation as af imct ionof the cyclohexene 
concentration. A =8.37 x 10 mole / l i te r ; hydrogen 
pressures as m Fig. 1. 
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^-
]x103ímole/(sec 
Pig. 3· Rate of hydrogénation as a function of the hydrogen 
pressure. S=4.12 mole / l i te r ; A =8.37 x 10~ mole/ l i ter о 
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- ^ г * Ю
3
 (mole/l sec dt 
12 16 
r p P h 3 ] » m » * l o 3 ( m o l e / l ) 
Fig. 4 · Rate of hydrogénation as a function of the added PPh, 
concentration. S=4.12 mole / l i t e r ; catalyst concentra^-
t i ons : D = 4 . 1 8 , Δ = 8 . 3 7 and 0=16.74 mmole/liter; hydro­
gen pressures as in Fig. 1. 
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To obtain information on catalyst ageing, the following 
experiment was performed. At 40 С and 875 mm Hg of hydrogen 
pressure, a catalyst solution was s t i r r e d for 3 hr s . After 
that period, cyclohexene was added and the reaction r a t e was 
followed. The observed i n i t i a l ra te was equal to the i n i t i a l 
r a t e , ohtainedfrom an experiment with fresh catalyst solution, 
showing that without substrate no ageing occurred. After cor­
rect ion of the ra te for the diminishing cyclohexene concentra»-
t ion during react ion, the cata ly t ic a c t i v i t y at the end of 3 
hrs hydrogénation proved to be about 50 pere, of i t s i n i t i a l 
value. 
III.5 Discussion 
I n a previous paper ' w e suggested a simple mechanism, 
based on the k inet ic data of measurements at 40 С only. How­
ever, t h i s mechanism does not fully describe the present data, 
obtained at temperatures ranging from 40—55 C. In the e a r l i e r 
paper insufficient data were available to describe the hydro­
gen addition to the complex m detai led elementary s teps . To 
interpret the present k inet ic data, we selected in the f i r s t 
instance three mechanisms, in which the hydride formation i n ­
volves no higher molecularity than t h r e e . When we consider 
only the dependence of the reaction r a t e on the hydrogen pres­
sure, at fixed valus of the other var iables, we have a choice 
of the next mechanisms of hydrogen act ivat ion. 
Mechanism I 
Α τ *
-
 AH 5 ^ AH —•- products 
where A=Co(PPh,) 
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Mechanism II 
A ^і: АН ^Е: AH =ff; AH ^ products 
Mechanism III 
+S 
A 5 * AH. ^ t AH. —»- products 
Рог these mechanisms ra te equations can be derived, which 
are then f i t t e d to the k inet ic data with a least squares compu­
t e r f i t program. Two selection c r i t e r i a must Ъе sa t i s f ied for 
a part icular mechanism to Ъе acceptable. 
1. All numerical values, calculated for the equilibrium and 
rate constants have to Ъе pos i t ive , 
2. Chemical thermodynamics require that an equilibrium constant 
sa t i s f i e s the re lat ionship 
„ Δ3 0 /Ϊ? -ΔΪ^/ΚΤ K=e ' e ' 
A r a t e constant has to sat is fy the equation 
. kT AS*/R -ΔΗ^/ΗΤ k = — e ' e ' 
r h 
k 
r / 
so that log К and log -=- should be l inear in 1/T. 
Only a type I I I mechanism sat i s f ied the v a l i d i t y c r i t e r i a . 
The hydrogen transfer to the coordinated olefin was regarded 
to be the r a t e determining s tep, as a resul t of the new des­
cription of the cyclohexene influence and the observed k inet ic 
isotope effect, which wil l Ъе dealt with below. 
The retarding effect of added triphenylphosphine was ear— 
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lier interpreted in terms of phosphine dissociation from tris— 
triphenylphosphine species. Thus we must elaborate our mecha^ 
nism to IV. 
Mechanism IV 
1 2 +S 
A ^ t AH- ^ t AH, —— products 
№ H 4 t b 
AP AH2P AH Ρ 
in which i t has to be determined whether a l l reactions 3, 4 and 
5 have r e a l importance. By further curve f i t t i n g , we found that 
no acceptable f i t could be obtained with mechanism IV. Only by 
eliminating reaction 4 a· good f i t was obtained for the depen­
dence on phosphine and catalyst concentration. Thus we arrive 
at mechanism V, in which also the substrate reactions are sket­
ched. 
Mechanism V 
f τ 
A ^ t : AH ^ t AH J t AH S - ^ Ш^ — - AH+RH 
AP AH Ρ 
With mechanism V i t s t i l l proved impossible t o f i t the s ig­
moid cyclohexene dependence. Also the entropy differences for 
the individual steps of mechanism V, obtained for the most ac­
ceptable f i t could not be interpreted in the light of t h i s mecha­
nism. Both effects suggested a par t ic ipat ion of solvent mole­
cules in the hydrogénation mechanism. Of several possible mechai» 
nisms, the mechanism shown below as mechanism VI led to a good 
40 
fit of the experimental data, including the cyclohexene depen­
dence. Moreover, the entropy differences associated with this 
mechanism were susceptahle to resonahle interpretation, as 
will Ъе discussed. 
Meohanism VI 
AB2 ^ t AH2 J t АН В J t AH S -S- Ш^ — AH+RH 
ABP AH Ρ 
which gives the following rate formula: 
k
r
K1 K2 / 2 K6 H2 / 2 s FS 
as
 =
 B F B ^ _ ^ 
d t
 К ^
 К1 К2 / 2 н2 / 2 V K1 K2 /' 2 κ5 H2 / ,^ ^ г ^ 
1+ 2 2 + + + 2 2 + 2"2 
B^Fg BFB BFB B
¿FB В F^ 
with: 
Ρ с. ГР С^ " СТР +Ä 
„ / a 1 \ . // a 1 \ 2 l a о /„\ 
P
=(T-2ÏÏ2)+ ψ τ - ^ + — ^ ί 2 ) 
and: 
^ 2 K 1 K 2 / 2 K 6 H 2 / 2 S F S І І Κ 1 Κ 2 / 2 Κ 5 Η 2 3 / 2 
2 2 + 2 2 + 2 2 
B¿Fg B¿FB BFB B¿FB 
C1=1+
 ^W2 C2= к ^нЗ/г 
1+ - i - ^ — 1+ -t-í — 
BFB BF B 
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where : 
A = catalyst cone. 
S = cyclohexene cone. 
H = hydrogen cone. 
Ρ = added PPh., cone. 
a 3 
Ρ = t o t a l PPh^ cone. 
В = benzene cone. 
χ •= mole fraction of benzene in the react ion mixture 
ν
χΧ 
F
s
= ( l - x ) 1 - X 
The involvement of solvent molecules in the e q u i l i t o i a of 
the mechanism, r e s u l t s in entropy effects of mixing in the r e ­
levant equilibrium constants. This i s hest i l l u s t r a t e d for equi-
ІіЪгішп 6· 
CoH (PPh )2B + S J t CoH (PPh ) 2S + В 
К i s an exponential function of the Gibb's free energy of r e -6 
act ion. However, on varying the concentration of cyclohexene 
over a hroad range (0 u n t i l 80 vol. p e r e ) , К i s also a fune— 
6 
t ion of the дС of mixing of henzene and cyclohexene. For an 
ideal "binary solution, the Gihh's free energy of mixing of one 
component i s 
Δθ = RT(x In x) 
mix ч ' 
where χ stands for the mole fraction of one component of the 
binary system. So, the actual AG for react ion 6 reads: 
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ΔΟ . , = Δ θ . +Δθ 
actual reaction mix 
AG
 Χ
 =AG
 Χ
 + RTlx In χ - (1-х) In (1-х)} 
actual reaction < ' 
κ
 +_Ί=6χρ(-Δα ^ ^ / R T ) = к. 
/Ή \ 1 - x (1-х) 
actual actual' reaction χ 
The assumption of an ideal behaviour of the benzene-cyclo-
justii 
(12) 
hexene mixture betwwen 40 and 55 С is st fied by the l i tera­
ture values of i t s van Laar constants 
We may assume that the actual К is a complicated function 
о 
of the cyclohexene and benzene concentration. Similarly, m all 
steps of the mechanism in which benzene plays a part, the equi­
librium constants are functions of the benzene concentration. 
We may note that the sigmoid shape of the cyclohexene dependen­
ce (Fig. 2) is caused by these entropy effects of mixing. 
The phosphine dissociation effect, giving rise to Eq. (2) 
was discussed earlier . 
The numerical values for the equilibrium and rate constants 
are given in Table I . Figs. 1, 2, 3, 5 and 8 show the quality 
of the obtained f i t . 
From Fig. 5 enthalpy and entropy differences each with i t s 
rel iabil i ty have been calculated with the method of least squa­
res. The enthalpy differences give information about the diffe­
rence m bond strength between Co—H, Co-P and Co-cyclohexene 
bonds on the one hand and Co-benzene on the other. The entropy 
differences, after confrontation with theoretical values, give 
evidence for the assumption that solvent molecules participate 
in the hydrogénation mechanism. The entropy and enthalpy dif-
ferences are given m Table I I . 
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TABLE I 
ЕдиіІіЪгіит and rate constants of mechanism VI, obtain­
ed by curve fitting of the experimental data. 
Τ 
0
c 
40.0 
45.0 
50.0 
55-0 
к 
sec 
0.082 
0.130 
0.199 
0.380 
К., χ Ι Ο "
3 
mole/l 
57.1 
85.6 
53.3 
71.4 
κ^
2 
(mole/l)" 
13.02 
10.20 
7.95 
4.17 
-3/2 
Κ 3χ10~
3 
Κ x10~ 3 
9.10 
6.10 
4.58 
3.24 
К6 
2.94 
2.75 
3.13 
2.37 
TABLE II 
Thermodynamic quantities from experimental equilibrium 
and rate constants 
Reaction 
AH S -*- AH2R 
AB2+H2 5±r AH2+2B 
AH2+iH2+B ^ t : АН В 
AB2+P Zi*: ABP+B 
AH B+P ^ * : AH P+B 
AH B+S ^ t A H S+B 
ΔΗ kcal/mole 
Δ Η ^ 20+2 
Δ Η ° = 1+4 
Δ Η 2 = -15+3 
Δ Η ° = -14+1 
ΔΗ°= - 2+2 6 — 
Δ 3 cal/mole 0Κ 
Δ 3 * = 0+5 
Δ 3 ° = 25+15 
Δ 3 2 = ^ 2 + 9 
Δ 3 ° = -26+2 
Δ 3 ° = - 4+7 
44 
log К — 
5 
3 
2 
1 
О" ЗОВ 3 12 316 3 20 
іхіо іг
1) 
Fig. 5· Plot of the logarithm of the constants of ТаЪІе I 
versus 1/Т. 
III.5.1 Enthalpy differences 
Prom the enthalpy differences for the individual steps of 
the mechanism, in Table II bond strengths for the Co-Η, Co-B, 
Co—Ρ and Co-S bonds may be calculated, if we assume these bond 
strengths to be the same in all catalyst species. Using a var­
ine for the enthalpy of Hp in benzene solution of IO5 kcal/ 
mole, from Δ Η values of equilibrium 1 and 2 the ΔΗ for the Co-H 
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and Co-B bond may Ъе c a l c u l a t e d , from e q u i l i b r i u m 5 "bhe Δ Η for 
Co—Ρ and from 6 t h e ΔΗ for t h e Co-S bond. Al l v a l u e s o b t a i n e d 
in t h i s way r e f e r t o t h e l i q u i d or d i s s o l v e d s t a t e c f t h e s u b ­
s t r a t e and are l i s t e d in t a b l e TIT. 
Bond 
s t r a t 
Bond 
Co-H 
Co-B 
Co-P 
Co-S 
si 
e 
TABLE 
; rengths 
bonds . 
ΔΗ 
I I I 
of Co-sub-
kcal/mole 
-60+2 
- 8+2 
-22+2 
-10+3 
With r e s p e c t t o gaseous H„ ΔΗ_ „ amounts t o -59+2 k c a l / 
mole, which i s i n e x c e l l e n t agreement wi th t h e value for Δ Η _ „ 
i n CoH(CN)^~, determined by de Vries v J t o be -58 k c a l / m o l e . 
In complexing B, not a l l s o l v a t i o n energy w i l l be l o s t , 
say only h a l f , whereas some i n t e r a c t i o n wi th t h e phenyl r i n g s 
of t n p h e n y l p h o s p h m e may be g a i n e d . Thus an o v e r a l l b i n d i n g 
energy wi th r e s p e c t t o gaseous benzene, h e a t of v a p o u r i s a t i o n 
of 8.1 kcal/mole , of 10 kcal/mole might be a p p r o p r i a t e , 
which i s comparable wi th і / з of t h e bond s t r e n g t h of t h e Cr-B 
bond i n CrB„, amounting t o -39 or -40 kcal/mole ^ ' , 
The d i f f e r e n c e between ΔΗ^ and ΔΗ_ may be compared 
t o t h e d i f f e r e n c e between Δ Η . ρ and ΔΗ i n Ag-hexafluoro-
a c e t y l a c e t o n a t e complexes i n CH„C1„ s o l u t i o n , which amount t o 
(16) 
- І З . 3 kcal/mole . We may conclude t h a t t h e r e i s an e x c e l ­
l e n t agreement between ΔΗ v a l u e s , o b t a i n e d from curve f i t t i n g 
our k i n e t i c r e s u l t s and s i m i l a r l i t e r a t u r e data« 
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The experimental value of Δ Η * amounts to 20+2 kcal/mole. 
This is a quite гезопаЪІе value, assuming that the rate limi­
ting step is the transfer of the first hydride ligand to the 
coordinating olefin (see Fig. 7). 
''"з ƒ Λ (»ill 
""-Tv/ 
Fig. 7· The r a t e determining t r a n s i t i o n s t a t e . 
-1 
Pig. 6. Model of the complex CoH (PPh,) , . 
In the infrared spectrum of CoiL (PFh,), , 
two absorption band are assigned to the 
s tretching modes of the hydride ligands, 
-1 
v i z . one at 1930 cm and another band 
with an i n t e n s i t y twice as large, at 1750 
It i s tempting to identify the band at 1750 c r n with the 
t rans positioned hydride ligands, and the band at 1930 cm 
with the equatorial hydride ligand ^ , - 3 ' . 
-1 
III.5.2 Entropy differences 
As mentioned before, a mechanism without participation of 
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benzene yielded a r a t e equation, which did f i t the hydrogen 
dependence, hut the obtained Δ 3 values for these hydrogen ac­
t iva t ion steps proved di f f icul t to i n t e r p r e t . With participa^-
t ion of benzene, the f i r s t hydrogen addition step i s assumed 
t o he. 
Co(PPh3)2B2 + H2 ^H CoH2(PFh3)2 + 2B 
in which В stands for henzene, which apparently acts as a ca^· 
t a ly s t s t a b i l i s i n g l igand. The Δ 3 for t h i s reaction i s found 
to be +25 e .u. As shown in Table IV, t h i s entropy difference 
can be resonably ra t ional i sed, assuming r o t a t i o n a l freedom for 
the coordinated benzene and using observed frequenties for Co-H 
and resonable assumptions for Co—В s t re tching and bending v i ­
brat ions . 
Рог the next hydrogen addition step 
CoH2(PPh3)2 + i H 2 + В J t CoH3(PPh3)2B 
the Δ3 i s found to be -42 e .u . Also t h i s value can be rationa*-
l ised, as shown in Table V. 
Also the tnphenylphosphme ligand dissociation may be 
explained by competition between PPh. and benzene ligands. 
Co(PPh3)2B2 + PPh ^ t Co(PPh ) В + В 
CoH (PPh )2B + PPh ^ t CoH (PPh ) + В 
Prom Table VI i t may be concluded, that also in t h i s part of 
the mechanism the introduction of solvent molecules su i t s the 
experimental entropy data, although the uncertainty in the 
TABLE IV 
Theoretical entropy contributions to equilibrium 1 . 
л
<=0 _ s 0 + 25° - S 0 
Δ 3 1 - S CoH 2 P 2
 +
 ¿ S B SCoP2B2 
- S?. 
change moment of inertia complex 
-1· 2 s t re tching vibrat ions Co-H (1750 cm ) 
-1· 4 bending vibrations Co-H (760 cm ) 
2 rotations PPh ligands (in CoH Ρ ) 
2 benzene (liquid phase) 
2 stretching vibrations Co-B (I50 cm ) 
4 bending vibrations Co-B (65 cm ) 
1 rotation PPh ligand (m CoP2B ) 
2 rotations benzene ligands 
2 internai 
1 hydrogen 
l vibrational entropy of coordinated benzene 
d 
Δ3 (e.u.) 
- 0.7 
0.0 
1.0 
20.4 
83.0 
- 5.4 
-17.4 
-10.2 
-13.9 
- 9.0 
-19.9 siun=27.9 
ОЭ 
a. Entropy data were taken from literature where indicated. Vibrational frequencies were 
obtained from literature data or approximated as well as possible. 
b. Ref. 7 and 8. 
c. Vibrational entropy was obtained by subtracting the translational and rotational entro­
py from the standard entropy. 
d. Ref. 6. 
TABLE V 
Theoretical entropy contributions to едиіІіЪгітлп 2, 
Δ 5 2 = SCoH3P2B "
 SCoH 2P 2 - ^ Η 2 -
 SB AS(e.u.) 
change moment of inertia complex 0.3 
1 stretching vibration Co-Η (193О cm ) 0.0 
2 bending vibrations Co-H (760 cm ) O.5 
1 stretching vibration Co-B (I50 cm ) 2.7 
2 bending vibrations Co-B (65 cm ) 8.7 
1 rotation benzene ligand 6·7 
1 internal vibrational entropy coordinated benzene 4·5 
1 rotation PPh ligand (m CoH Ρ В) 10.2 чо 
2 rotations PPh ligands (in CoHΡ ) -20.4 
1 benzene -41·5 
-g- hydrogen -10.0 
-p* 
-З8.4 
TABLE VI 
Theoretical entropy contributions to equilibrimi! 3 and 5 
Δ δ 5 - CoH3P3
 + Ь
В
 5
СоН Р2В
 Ь
Р 
change moment of inertia complex 
1 stretching vibration Co-P (I5O cm ) 
2 bending vibrations Co-P (65 cm ) 
1 internal vibrational entropy coordinated 
•J rotation PPh ligand (in CoH Ρ ) 
1 benzene 
1 stretching vibration Co-B (150 cm ) 
2 bending vibrations Co-B (65 cm ) 
1 rotation benzene ligand 
1 internal vibrational entropy coordinated 
1 rotation PPh ligand (in CoH Ρ В) 
1 PPh3
a 
PPh 
benzene 
AS(e.u.) 
0.6 
2.7 
8.7 
16.2 
5.1 
4I.5 
- 2.7 
- 8.7 
- 5.4 
- 4.5 
-10.2 
-7О.8 
-27.5 
a. Calculated by statistical thermodynamics. 
TABLE VII 
Theoretical entropy contributions to equilibrium 6· 
Δ 3 6 = s 0CoH 3P 2s
 + S B - S 0 C O H 3 P 2 B -
s
s ^ * · ^ 
change moment of inertia complex 0.0 
—
-1 
1 stretching vibration Co-S (I50 cm ) 2.7 
2 bending vibrations Co-S (65 c m ) 8.7 
1 internal vibrational entropy coordinated cyclohexene 9·5 
1 torsion along Co-S bond 3.0 
1 benzene 41·5 
1 stretching vibration Co-B (I50 cm ) - 2.7 
2 bending vibrations Co-B (65 c m ) -8.7 
1 rotation benzene ligand - 5·4 
1 internal vibrational entropy coordinated benzene - 4·5 
1 cyclohexene (liquid phase) -52.4 
- 8.3 
a. Vibrational entropy was obtained by subtracting the translational and 
rotational entropy from the standard entropy. 
b. Ref. 9 and 10. 
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standard entropy of РРІц makes t h i s reasoning less c e r t a i n . 
Next, the henzene-cyclohexene exchange on the catalyst 
has to Ъе considered. 
CoH (PPh )2B + S J t CoH (PPh )2S + В 
The expected entropy effect over t h i s react ion of -8 e . u . t as 
calculated in Table VII i s resonahly in agreement with the ex­
perimental value of -4 e .u. 
Final ly, the act ivat ion entropy for the r a t e determining 
step must be considered. 
CoH3(PPh3)2S - І - CoH2(PPh3)2R 
Plrom the experimental data, the value for Δ 3 Τ = 0 e .u. i s obtain­
ed. This value can be qual i ta t ive ly be ra t ional i sed by consider­
ing that m the activated complex no ro ta t iona l freedom of 
coordinated cyclohexene i s lost and only some vibrat ional en­
tropy for the loosening bonds i s gained. 
Ι Ι Ι . 5 · 3 Isotope effects 
The observed k inet ic isotope effect amounts to 1.52. For 
the equilibrium constants Κ , К and К, the isotope effect i s 
-3 J о 
n i g l i g i b l e , since no hydrogen i s involved. For react ion 7i Ъе-
ing beyond the r a t e determining s tep, no effect wi l l be observ­
ed. Knowing the v ibrat ional frequencies of Η , D- and the hy— 
drogenated and deuterated species of the catalyst from spectra l 
data, the quotients Κ. /Κ1Τ) and (K_„ /κ ? τ . ) 2 were calculated 
by s t a t i s t i c a l thermodynamics to amount to 0.886 and О.825, 
resp. Substitution of these r e s u l t s into Eq. (1) gives 
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k 2 H 2 / k r D 2 = 1 ° 5 4 
This k ine t ic isotope effect confirms that hydrogen i s involved 
m the r a t e determining t rans i t ion s t a t e , so that the assump-
t ion of the transfer of a hydride ligand to the coordinated 
olefin i s ra t iona l i sed . 
I I I . 5 . 4 Some remarks on the observed kinet ics and the pos tu la t -
ed mechanism. 
Rrom Eq. ( l ) and (2), i t follows that the ra te of hydrogé-
nation increases less than proportionally with the catalyst 
concentration, as i s indeed found experimentally (see Fig. 1) . 
Mechanism VI shows that an unusual two—step hydrogen ac-
t iva t ion on the catalyst species occurs. Previously, we r e -
ported that the plot of the reciprocal r a t e of hydrogénation 
versus the reciprocal of the hydrogen pressure to the power I .5 
gave a s t ra ight line for the measurements at 40 C. However, 
t h i s dependence proved to be no longer valid for the descr ip-
t ion of the data, obtained at higher temperatures. Computer 
least squares f i t s of the reciprocal ra te of hydrogénation ver-
sus (ΐ/Ρμ ) showed that N decreases with increasing tempera-
2 t u r e . This indicates, that the hydrogen act ivat ion occurs in 
more than one s tep. The hydrogen dependence of the r a t e formu­
la of mechanism VI described the experimental curve b e s t . 
S t r i c t l y speaking, reactions 1 and 2 wi l l cer ta inly be a com­
position of two or more elementary s teps, since also solvent 
molecules are involved. However, introduction of a too large 
number of constants makes the resu l t ing values of these con­
stants unre l iab le . 
The ra te of hydrogénation as a function of the PPh, and 
54 
-тт^г (mole/l sec mole catalyst) 
catalyst conc(mmol/l 
о 4 18 
+ β 37 
о 16 71 
40 °C 
50 °C 
.+_°-- SSt 
16 18 
n3 ι [РРЬз] TOUl* 103( mole/1 J 
F i g . 8 . H e c i p r o c a l of t h e r a t e of hydrogénat ion as a func t ion 
of t h e t o t a l PPh. c o n c e n t r a t i o n . 
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catalyst concentration are governed Ъу the equilibrium constants 
K- and K_. Fig. 8 gives the reciprocal r a t e of hydrogénation as 
a function of the t o t a l PPh concentration, vxz. the t o t a l of 
added and dissociated PPh, concentrations. 
Note, that i f step 7 ° f mechanism VI were an undisturhed 
equilibrium, then mechanism VI would revert to mechanism I I . 
We found however, that the ra te formula of t h i s mechanism did 
not f i t the experimental ra te dependence on the hydrogen pres-
sure curve. Thus we may conclude, that the reverse reaction of 
7 i s non-existent or extremely slow. 
The resu l t s of catalyst ageing experiments indicate that 
catalyst break down i s located in the reaction loop, formed by 
reactions б, г and 7 in mechanism VI, which only can be entered 
by cyclohexene hydrogénation. Since reaction 7 forms the return 
react ion , t h i s cannot be an equilibrium, for i f i t were, ca ta-
lyst ageing should also occur without cyclohexene. 
Ι Ι Ι . 5 · 5 Relative concentrations of the catalyst species 
The re la t ive concentrations of the catalyst species can 
eas i ly be obtained by means of the equilibrium constants of Ta^ 
ble I I . They are calculated for the following circumstances: 
T=400C, PH =875 mm Hg, S=4.12 Μ, B=6.57 M and A =8.37x10~
3M. 
^У AB З Й Й ) А Н _ 5 Ь © А Н В 5±Г © А Н S - ^ АН R - * АН 
©двр @ω 3 Ρ 
The numbers in the circles represent the percentages of the 
concentrations of the relevant catalyst species. At a hydro-
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gen p r e s s u r e of 875 r n m Hgi ^he c o n c e n t r a t i o n s of t h e h y d r i d e -
f r e e s p e c i e s AB and ABP are r e l a t i v e l y s m a l l . This i m p l i e s 
t h a t t h e terms i n t h e denominator of t h e r a t e formula, r e p r e ­
s e n t i n g t h e s e s p e c i e s , a re n e g l i g i h l e and w i l l not Ъе ohserved 
k i n e t i c a l l y . Also a t o t h e r t e m p e r a t u r e s t h e c o n c e n t r a t i o n s of 
t h e s p e c i e s AB ana ABP are s m a l l . T h e r e f o r e , we have t a k e n 
i n t o account t h e benzene-cyclohexene exchange on t h e t r i - h y d r i -
de s p e c i e s o n l y . 
Ι Ι Ι . 5 · 6 Oxidat ion s t a t e s and c o o r d i n a t i o n numbers 
0 I I 
The proposed mechanism i m p l i e s t h e occurrence of Co , Co 
and Co c o n t a i n i n g s p e c i e s . The common o x i d a t i o n s t a t e s of 
Co are I I and I I I , a l though a l s o complexes wi th o t h e r o x i d a t i o n 
( 11Ί i n 
s t a t e s a re known . We a l r e a d y d i s c u s s e d t h a t Co Η ( P P h , ) , 
i s most l i k e l y o c t a h e d r a l wi th two phosphine l i g a n d s i n t r a n s 
p o s i t i o n . Assuming t h a t one PPh l i g a n d exchanges wi th a s o l ­
vent molecule , we may conclude t h a t t h e s p e c i e s CoH, (PPh.. ) 9 B 
and CoH^PPh )„S are a l s o o c t a h e d r a l l y sur rounded. 
Only a few g e n e r a l remarks can be given on CoH (PPh-.)„. Corn­
i l 
p lexes wi th Co as c e n t r a l atom a r e g e n e r a l l y t e t r a h e d r a l or 
square p l a n a r . I t appears t h a t square p l a n a r arrangements occur 
only wi th b i d e n t a t e or p o l y d e n t a t e l i g a n d s . The t e t r a h e d r a l 
s t r u c t u r e i s formed under i n f l u e n c e of a n i o n i c and monodentate 
l i g a n d s . For i n s t a n c e CoBr.ÍPPh.)« i s a t e t r a h e d r o n . So we a s -
sume t h a t CoH-(PPh,)_ has a t e t r a h e d r a l c o n f i g u r a t i o n . 
0 From Co only a few complexes are known and no s t r u c t u r a l d a t a 
a re a v a i l a b l e . So, an e s t i m a t i o n of t h e probable s t r u c t u r e of 
Co(PPh:.)„B can ha rd ly be made. 
The l e s s u s u a l 5 coo rd ina t ion of Co, which would be o b t a i n -
ed by t h e a d d i t i o n of a PPh. l i gand on CoH?(PPh ) . , obvious ly 
does not p l ay a p a r t i n t h e bes t f i t t i n g mechanism VI . 
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Resuming we might say that in the resulting mechanism in any 
step 4 and. 6 coordination is maintained Ъу solvent addition or 
dissociation. 
III.5·? Independent evidence for the mechanism 
Apart from kinetics some spectroscopic measurements have 
31 
been done. With P—NMR the phosphine dissociation was confirm­
ed semi-quantitatively. EPR measurements demonstrated the ex­
istence of paramagnetic species. A full description of these 
experiments are given elsewhere. 
111.6 Conclusion 
The introduction of solvent molecules in the mechanism is 
essential for describing the hydrogénation experiments and 
data sufficiently well. However, solvent effects of this kind 
can unfortunately only be obtained from extensive kinetic stu-
dies. Since the interactions are very weak, hardly any support 
may be expected from other techniques. In future work, we in-
tend to test the proposed mechanism on the kinetic effect of 
other solvents and substrates. 
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C H A P T E R IV 
HYDROGENATION OF OTHER OLEFINS ON CoH (PPh ) . 
IV. 1 I n t r o d u c t i o n 
In chapter I I I a mechanism for t h e hydrogénat ion of c y c l o -
hexene on CoH ( P P h , ) , has Ъееп d e s c r i b e d . We obta ined evidence 
for t h e p a r t i c i p a t i o n of so lvent molecules by comparing t h e o r e ­
t i c a l and observed e n t r o p y and e n t h a l p y d i f f e r e n c e s of a l l i n ­
d i v i d u a l s t e p s of t h e mechanism. In o r d e r t o obta in f u r t h e r со— 
f i r m a t i o n of t h e proposed mechanism, t h e in f luence of s e v e r a l 
o l e f i n s on t h e hydrogénat ion r a t e has been measured. The o b t a i n -
ed exper imenta l r a t e d a t a were f i t t e d on t h e r a t e formula, given 
i n chapte r I I I , assuming a l l cons t an t s t o be independent of t h e 
o l e f i n and to be a func t ion of t h e t empera tu re only , except t h e 
benzene-o le f in exchange cons tan t (K ) and the r e a c t i o n r a t e con-
6 
s t a n t (k ) . 
г 
IV.2 R e s u l t s 
The i n v e s t i g a t e d o l e f i n s were: 1-hexene, 1-heptene and c i s -
c y c l o o c t e n e . Because t h e range of a c c u r a t e l y measurable h y d r o ­
gen uptake r a t e s of our a p p a r a t u s was l i m i t e d t o r a t e s between 
1 and 100 ml/mm, which f ixed t h e e x p e r i m e n t a l t e m p e r a t u r e s for 
a given s u b s t r a t e , we have measured t h e r a t e of hydrogénat ion 
of 1-hexene and 1-heptene at - 5 , 0 and 5 C. The r a t e of c i s - c y -
c looc tene was measured a t I 5 , 20, 25 and 30 C. The dependences 
of t h e r a t e on t h e o l e f i n concen t r a t ion are given in F ig . 1, 2 
and 3 . 
IV.3 Discussion 
Solvent participation has been suggested in some hydrogena— 
(1 2) tion mechanisms of olefins by homogeneous catalysts ' . How-
60 
О 2 4 6 
[l-HEXENE](mole/l) 
Pig. 1. Rate of hydrogénation as a function of the 1-hexene con-
centrat ion. A =8.37x10 M; t o t a l pressure 1.4 a ta . 
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-^риіО
3(mile/I sec 
1 
[HEFTENE] (mole/l) 
Figo 2. Rate of hydrogénation as a function of the 1-heptene con-
centrat ion. For experimental conditions: see Fig. 1. 
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Ο Ζ 4 6 
[CYCLOOCTENE](mole/l) 
Fig. 3. Rate of hydrogénation as a function of the cyclooctene 
concentration. For experimental conditions: see Fig. 1. 
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ever, "these suggestions were not supported by direct or indirect 
evidence, but proposed in order to provide low energy reaction 
paths. In chapter III we descibed evidence for solvent partici-
pation on several catalyst species during the hydrogénation of 
cyclohexene on CoH, (PPh.. ),. To confirm the proposed mechanism, 
we determined the rate of hydrogénation of some olefins on CoH. 
(PPh-)^. The rate equation, given in chapter III has been used 
to fit the experimental data. The data in this context are too 
limited to determine all parameters. We therefore assumed only 
the parameters for those reactions in which the olefin is direct-
ly involved to be changed. For all other parameters the values 
were considered to be independent of the olefin. They were ob-
tained by extrapolation of the cyclohexene results to the expe-
rimental temperatures. 
The investigated olefins represent two types. The first type 
coordinates worse to the catalyst xhan benzene (1-hexene and 1 — 
heptene). These proved to have such a small exchange constant 
Kr, that it was impossible to obtain its exact numerical value 
о 
from curve fitting. In Figs. 1 and 2 the calculated lines have 
been drawn for the case К =0. This is meant to imply that the 
6 
actual benzene-4)lefin constants are very small. The calculated 
" ra te constants" are given in Table I . I t has to be mentioned 
that these constants are the product of the reaction parameters 
K. and к for the react ions 
б r 
CoH (PPh )2B + S ^ CoH (PPh )2S + В 
CoH3(PPh3)2S -£- CoH2(PPh3)2R 
A similar remark i s val id for the entropy and enthalpy differen-
ces, shown in Table I I . 
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TABLE I 
Τ Г С ) К.к (1-hexene) 
6 г
 _1 (sec ) 
К.к (1-heptene) 
б г
4
 _^ 
- 5 
о 
5 
1.06 
2.28 
3.81 
0.62 
1.72 
2.89 
TABLE I I 
ΔR +ΔΗ+= 18+2 kcal/mole дЗ^+дЗ*= 10+ 7 e . u . (1-hexene) 
6 - о -
Δ Η ^ + Δ Η ^ = 22+4 kcal/mole дЗ^+дЗ*» 24+15 e « u . (1-heptene) 6 — о -
ΔΗ +ΔΗ = 19+2 kcal/mole Δ 3 + Δ 3 = 12+ 6 e . u . (average) 
6 ~ 6 — 
The ent ropy d i f f e r e n c e s Δ 3 + Δ 3 are s u r p r i s i n g l y l a r g e . A p r o h a -
6 
b l e e x p l a n a t i o n may be t h a t t h e l e s s space demanding a l k y l l i g a n d s 
af fords much more r o t a t i o n a l freedom t o t h e phosphme l i g a n d s . 
The second type o l e f i n ( c i s - c y c l o o c t e n e ) c o o r d i n a t e s b e t t e r 
t o t h e c a t a l y s t t h a n benzene . Rate and exchange c o n s t a n t s were 
determined by curve f i t t i n g and are given in Table I I I . 
T( 0 C) 
15 
20 
25 
30 
TABLE I I I 
k
r
( s e c ~ ) 
0.057 
0.092 
O.I50 
0.233 
K6 
18.8 
20.3 
16.4 
12.2 
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The entropy and enthalpy differences are: 
ΔΗ.= -5+2 kcal/mole and ΔΞ = -11+7 e.u. 
6 — о — 
ΔΗ*= 16+0 kcal/mole and AS^= -10+1 e.u. 
The rationalisation of Δ 3 . is shown in ТаЪІе IV. 
о 
The e n t h a l p y e f fect of t h e benzene-cyclooctene exchange on 
t h e c a t a l y s t amounts t o -5+2 k c a l / m o l e . I t has a l r e a d y Ъееп 
found t h a t cyclohexene was 2+2 kcal/mole more f i rmly bonded t o 
t h e complex t h a n benzene. So t h e d i f f e r e n c e in bond s t r e n g t h b e ­
tween Co-cyclooctene and Co-cyclohexene amounts t o 3+3 k c a l / m o l e . 
A comparison may be made with Ag-hexaf luoroacac-olef in complexes, 
in which t h e d i f f e r e n c e i n bond s t r e n g t h between t h e s e metal— 
o l e f i n bonds was determined t o be 3 .5+0.5 kcal/mole . In Pd 
CI ( p y ) ( o l e f i n ) complexes t h e d i f f e r e n c e amounts t o 2.3+0.4 
kcal/mole ^ . The AS* of t h e hydr ide t r a n s f e r from t h e c a t a l y s t 
t o t h e c o o r d i n a t e d cyc looctene may be exp la ined by assuming t h a t 
t h e cyc looctene l o s e s v i b r a t i o n a l e n t r o p y m t h e r i n g s t r u c t u r e d 
t r a n s i t i o n s t a t e . However, a l o s s of 10 e . u . seems t o be r a t h e r 
l a r g e . 
Table V shows t h e v a l u e s of Δ Η ^ + Δ Η ^ and Δ 3 . + Δ 5 + for t h e m -
6 6 
vestigated olefins. 
TABLE V 
s t r a i g h t o l e f i n s cyclohexene cyc looctene 
Δ Η ^ + Δ Η * 19+2 18+3 11+2 
л З . + л З * 12-t£ - 4+9 -21+7 
Apparent ly , t h e h igh r a t e of hydrogénat ion of t h e s t r a i g h t 
o l e f i n s i s caused by a dominating en t ropy e f f e c t . 
Resuming we may say t h a t t h e r a t e formula of the hydrogéna-
t i o n mechanism of cyclohexene i s a l s o v a l i d for t h e d e s c r i p t i o n 
TABLE IV 
Theoretical entropy contributions to the equilibrium 
CoH3P2B + S 5 * : CoH3P2S + В 
Δ 3 = S C O H 3 P 2 S
 + S B - S C O H 3 P 2 B -
 s
s 
дЗ(е .и . ) 
change moment of inertia complex 
1 stretching vibration Co-S (I50 -1 
-1. 2 bending vibrat ions Co—S (65 c m ) 
1 i n t e r n a l v ibrat ional entropy coordinated cyclooctene 
1 tors ion along the Co-S axis 
1 benzene (l iquid phase) 
1 s t re tching vibrat ion Co-B (I5O cm ) 
2 bending vibrat ions Co—В (65 cm ) 
1 ro ta t ion benzene ligand 
1 i n t e r n a l v ibrat ional entropy coordinated benzene 
1 cyclooctene ( l iquid phase) 
0.1 
2.7 
8.7 
21.1 
5.0 
41.5 
- 2.7 
- 8.7 
- 5.4 
- 4.5 
-64.3 
- 6.2 
ON 
ON 
a. Vibrational entropy was obtained by subtracting the t r a n s l a t i o n a l and r o t a t i o n a l ent ro­
py from the standard entropy of cyclooctene or benzene. 
b . Refs. 5 and 6· 
с Refs. 7 and 8. 
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of t h e r a t e dependence of o ther o l e f i n s . 
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C H A P T E R V 
SOLVENT EFFECTS 
V.1 I n t r o d u c t i o n 
From t h e i n v e s t i g a t i o n d i s c u s s e d so f a r , evidence was o b t a i n ­
ed for t h e p a r t i c i p a t i o n of so lvent molecules in t h e c a t a l y t i c 
mechanism; henzene molecules a re c o o r d i n a t e d in t h e complex. We 
must expect t h a t use of a d i f f e r e n t so lvent with ргоЪаЪІу d i f f e ­
r e n t c o o r d i n a t i n g p r o p o r t i e s can have a s i g n i f i c a n t e f f e c t on 
t h e k i n e t i c behaviour of t h e system. In p r i n c i p l e , t h e r e a re two 
ways t o measure t h e i n f l u e n c e of s o l v e n t s on t h e r a t e of a c a t a ­
l y t i c system. The most labour i n t e n s i v e one i s r e m e a s u r m g t h e 
e n t i r e k i n e t i c s in d i f f e r e n t s o l v e n t s . Less exper imenta l d a t a 
are r e q u i r e d i f a very wel l known system with so lvent p a r t i c i p a ­
t i o n i s used and t h e co-so lvent dependence i s determined by mix­
i n g t h e so lvent of t h e system wi th t h e co—solvent, such t h a t t h e 
t o t a l volume remains c o n s t a n t . Because of l e s s e x p e r i m e n t a l work 
we have chosen t h e l a t t e r p o s s i b i l i t y . 
V.2 R e s u l t s 
The investigated solvents were: n-hexane, toluene, THF, di-
ethylether and pyridine. We have measured the rate dependence 
of these solvents at 40 С only. The dependences of the rate on 
the solvents are given m Figs. 1 and 2. The solid lines in the­
se figures will be discussed below. 
V.3 Discussion 
In order to be able to fit the experimental data, we have 
expanded the mechanism, described in chapter III, with a spe­
cies containing the second solvent as a ligand. So, the mecha^ -
msm becomes 
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RELATIVE RATE 
І В г 
I ι 1 1 ι ι 
0 1 2 3 i. 5 
[SOLVENT] (mole/l) 
Pig. 1. Rate of hydrogénation as a function of the co-solvent 
concentration. A =8.37x10 M; S=4.12 M; t o t a l pressure 
1.4 a ta . Rates are given r e l a t i ve to 0.178x10 mole/ 
l . s e c . 
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RELATIVE RATE-
18r 
16 -
H 
12 
IQ 
• n-hexane 
o diethylether К, = 0 0001 
Кд=0 
О 1 
[SOLVENT] ( m o l e / I ) 
Pig. 2. Rate of hydrogénation as a function of the co-solvent 
concentration. Рог experimental conditions see Pig. 1. 
AH Sol 
I t 8 / ï I 
AB2 ^ t AH2 J t АН В J t AH S - ^ AH2R — ^ AH+RH 
ABP AH Ρ 
which gives the following rate formula. We recall that AB. and 
ABP under the hydrogen pressures applied here are present m 
very small concentrations, so that we did not elaborate the mecha­
nism for these species. 
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where 
A = catalyst cone. 
0 
S = cyclohexene cone. 
H = hydrogen cone. 
В = benzene cone. 
Ρ = total PFh cone. 
X B 
В B+S+So 
x
 s 
5 B+S+So 
X S o 
So B+S+So 
x
s 
Ρ - x
X s o 
FSo- XSo 
Ρ = added PPh^ cone. 
a 3 
So= со—solvent cone. 
If we assume all constants to Ъе independent of the solvent, 
the adjustable parameter is Kn only. 
In Fig. 1 are given some lines to Ъе expected from Eq. (1) 
Ъу variation of the numerical value of KQ. Apparently, small 
values of K„ give an accelerating effect on the rate and large 
values a decelerating effect. Mechanistically seen, this means 
that the site necessary for olefin activation is poisened by 
strongly coordinating solvents. 
The dots in Figs. 1 and 2 are the experimental data. They 
are all explained Ъу a certain value of KQ, although they do not 
follow exactly the calculated lines according to Eq. (l). It has 
to Ъе mentioned that our model contains a few assumptions. The 
three liquids (benzene, co-solvent and cyclohexene) were consi­
dered to form an ideal ternary mixture. Non-ideality could not 
Ъе taken into account because of lack of sufficient literature 
data. The interactions between the catalyst and the surrounding 
solvent mixture was taken independent of the composition of the 
solvent. These assumptions represent very small entropy and en­
thalpy differences between the model and the experimental situa^ -
tion. We all know that extremely small enthalpy and entropy chan­
ges have a large influence on the numerical value of an equili­
brium constant (see Table l). 
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TABLE I 
Numerical value of KQ as a function of Δ Η and Δ3. 
K 8 
0.0001 
0.001 
0.01 
0.1 
1 . 
10 
100 
ΔΗ(Δ3 constant) 
(kcal/mole) 
5-4 
4.1 
2.7 
1.4 
0.0 
-1.4 
-2.7 
Δ3(ΔΗ constant) 
(e .u .) 
-18.3 
-13.7 
- 9-1 
- 4.6 
0.0 
4.6 
9.1 
In order to illustrate the subtlety of the entropy and enthal­
py influences, we take the pyridine influence on the rate as an 
exemple. The entropy of liquid benzene and pyridine amounts to 
41.5 ^ 1* 2) and 42.5 e.u. ^ 3 , 4^ 
tropy change over the reaction 
I ал^ -'^'f resp. So, we may assume the en-
AH В + Py ^ AH Py + В 
to Ъе eartremely small (suppose Δ 3 = 0 ) . The exchange constant ar-
mouts to ahout 5O· Then pyridine i s only 2.3 kcal/mole more firm­
ly bonded to the complex than benzene (Table l ) . 
Let ' s take another exemple. In the case of toluene as a co-
solvent, we find a Kn of 2. Suppose toluene and benzene have the 
same bond strength to the complex. Then only 1.4 e.u. entropy 
gain over the react ion 
АН В + Tol ^г: AH Tol + В 
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i s required to generate t h i s e f fect . 
In general we may say that the ohserved solvent effects can 
Ъе explained Ъу a bonding energy change of a few kcal/mole or 
an entropy change of a few entropy u n i t s . Since these quant i t ies 
are so small i t i s impossible to compare them to t h e o r e t i c a l va­
lues in order to come to a quanti tat ive conclusion. But they 
certainly give a fair qual i tat ive picture of the influence of 
solvents. On comparing a solvent l ike toluene, which i s very s i ­
milar to benzene, with pyridine, which i s used as a rather suc­
cessful catalyst poison in heterogeneous cata lys i s , we find that 
a difference in bond strength with the metal ion of some 2 kcal/ 
mole i s enough to cause t h i s difference. We may conclude by say­
ing that the experimental data are in qual i tat ive agreement with 
the proposed mechanism. 
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C H A P T E R VI 
SOME SPECTROSCOPIC M D FREEZING POINT DEPRESSION MEASUREMENTS 
ON THE HOMOGENEOUS HYDROGENATION CATALYST CoH (PPh ) . 
By J.L.Hendrikse, J.W.E.Coenen and A.W.P.G.Peters-Rit. 
(Accepted for publication in Reac.Kin.Cat al.Lett.) 
VI.1 Abstract 
NMR, EPR and freezing point depression (PPD) experiments 
were done on solutions of the homogeneous hydrogénation cata-
lyst CoH,(PFh,),. The results of these measurements showed that 
the compound has a dynamic structure on NMR time scale at room 
temperature and that it is slightly dissociated in bisphosphine 
1 
species and free phosphine. PPD and H-NMR measurements indicat-
ed that per catalyst molecule one Et^O molecule is present. 
VI.2 Introduction 
Recently we reported kinetic work on the hydrogénation of 
(1 2) 
cyclohexene on CoH.,(PPh,), ' , resulting in the following 
mechanism: 
CoB2P2 -^. CoH2P2 ^ CoH P2B ^i:CoH3P2S — C o H ^ R — CoHP2 
t l t l +RH 
CoBP С о Н Ч Р Ч 
P=tr iphenylphosphine 
B=benzene 
S=cyclohexene 
R=alkyl 
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In the mechanism we assumed that one tnphenylphosphine ligand 
dissociates from the complex, providing a vacant s i t e for o l e ­
fin addition, and that the hydrogen in the gas phase i s m equi­
librium with the hydride ligands in the c a t a l y s t . These assump­
tions were confirmed by infrared observations on H./D. and PFh./ 
(1 ) P(n-Bu)- exchange in CoH..(PPh-)- solutions in benzene . I t 
^ i i i О I I 
may Ъе concluded from the mechanism that Co and Co contain­
ing species are involved. In t h i s paper we report the r e s u l t s 
of NMR, EPH and FPD experiments, which also support the above 
described mechanism. 
VI.3 Experimental 
Catalyst preparation and puri f icat ion of the materials used 
(1) has been described previously . For the NMR work large vo­
lume tubes (12 mm o.d.) were used and for the EPR work s tan­
dard tubes (5 mm o . d . ) . The NMR spectra were recorded on a Va­
n a n XL-100-БТ, the EPR spectra on a Varían EI5 spectrometer. 
The tubes were f i l l ed with complex solution under hydrogen pres-
sure of 1.4 ata and then sealed under reduced pressure (0.6 
a t a ) . The compound i s extremely a i r sens i t ive , so that a i r had 
to be excluded completely. The standard FPD apparatus was from 
'Vormag glass company . FPD experiments were performed at 
1.08 ata H_ pressure. 
VI.4 Results and discussion 
The H-NMR spectrum at 30 С contains a quadruplet, centered 
at -11.3 ppm upfield from TMS, showing that equivalent hydride 
ligands are coupling with three equivalent phosphorus atoms-
At -75 С the quadruplet collapses completely, indicating that 
the hydride ligands exchange rapidly at room temperature. A 
paramagnetic shi f t , due to the equi l ibr ia of Co with Co 
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3 0 o C 
2 5 ° С 
7 5 0 C 
P i g . 1 . 100-Mc H-NMR spectrmi of 
CoH ( P P h - ) . i n t o l u e n e a t t h r e e 
t e m p e r a t u r e s . 
and Co , was not observed. I t i s of 
1 
f u r t h e r i n t e r e s t t h a t in t h e H-NMR 
spectrum about an equimolar amount 
of d i e t h y l e t h e r was found per mole 
of complex. 
The proton decoupled Р-ЮТ 
spectrum (Fig. 2) showed that a small 
amount of free PPh, was present in a 
solution of CoH (PFh,), (small peak 
at -4.8 ppm upfield from H PO ). The 
broad band at 67.8 Ppm down field from 
H PO was assigned to bonded phos-
phme. Integration of the spectrum 
produced a peak area of free phos— 
phine of about 1.5—2 pere, of the 
peak area of bonded phosphine. This 
implies that CoH (PPh,)- is dissociat-
o 
ed for only 4.5-6 pere, at 30 C. The kinetic measurements give 
a somewhat higher degree of dissociation. 
The EPR spectrum showed a signal at g=2.096· According to 
the mechanism described above, Co and Co containing spe­
cies have to be present in the catalyst solution. Because the 
signal does not exhibit any fine structure, it is difficult 
to assign the band. The concentration of the paramagnetic spe-
cies was calculated to be I.5 χ 10 mole/liter. 
Next to the above described spectroscopic measurements, 
some FPD experiments have been done. The cryoscopic constant 
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ψ» 
31, F i g . 2 . 40.5-Mc p r o t o n decoupled Р-ШН spectruni of CoH (PPh-K 
in t o l u e n e at 30 C. 
F i g . 3 . EPR spectrum of CoH (PPh ) in benzene at -175 0 C. 
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К for Ъепгепе was determined in order to check the correctness 
of the apparatus and the method. As ca l ibrat ion compound zone 
refined PPh (Merck AG) was used· For very di luted solut ions, 
the freezing point depression ΔΤ as a function of the molali­
t y m i s given by дТ=Клп. The experimental curve i s shown in 
Pig. 4. Because of the non-l ineari ty of the curve, we descr i-
100 HO 
m(mmole/l000g benzene) 
Fig. 4· FPD calibration curve. 
bed it with an equation containing a second order term in m 
дТ=К^т + Ът
2 
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The l e a s t squares curve f i t gave: Κ„=5·02 and Ъ=2.бЗ. The v a ­
lue for К i s i n e x c e l l e n t agreement wi th t h e l i t e r a t u r e v a ­
l u e s of 5.12 ( 4 t 5 » 6 ) j 4 . 9 o ^ 7 ^ and 5.10 ^ . 
Table I shows t h e r e s u l t s of t h e FPD exper iments , o h t a m e d 
Ъу v a r y i n g t h e amount of added PPh. (Горрі. ) · 
TABLE I 
m P P h 3 
0.00 
9.48 
10.38 
12.25 
13.10 
21.56 
28.60 
31.53 
41.62 
50.85 
76.70 
m . 
cat 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
Δ Τ 
0.083 
0.134 
0.156 
0.153 
0.162 
0.216 
0.243 
0.265 
0.315 
0.372 
0.502 
m ¿ T 
I7.O 
27.O 
29.5 
29 .5 
32.0 
4O.5 
47 .5 
4 9 . 5 
59.0 
69-5 
95.O 
Δ 
7.9 
8.4 
10.0 
8.2 
9.8 
9.8 
9.8 
8.9 
8.3 
9-5 
9.3 
πΐρρ, =added PPh, c o n o . , m
 + = c a t a l y s t c o n e , m „^сопс c a l c u l a t ­
ed from P i g . 4 , Δ c o n c e n t r a t i o n of compound, which causes t h e 
ex-tra FPD. All c o n c e n t r a t i o n s are given i n mmole/lOOO g hen— 
z e n e . 
I t i s c l e a r t h a t i f a d i s s o c i a t i o n e q u i l i h r i u m a c c o r d i n g 
t o (1) would cause t h e e x t r a c o n t n h u t i o n t o t h e FPD, Δ has 
t o d i m m i s h with i n c r e a s i n g added PPh, c o n c e n t r a t i o n . 
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CoH3(PPh3)3 ^ t CoH3(PPh3)2 + РИі3 (1) 
~From ТаЪІе I i t may Ъе concluded that the concentration of the 
compound, which causes Δ is independent of the added PFh., con­
centration and equals the catalyst concentration. The mean va­
lue of Δ amounts to 9·1 + 0·8 mmole/lOOO g benzene. Therefore 
we conclude that the unknown compound has to Ъе diethylether, 
introduced m benzene together with CoH,(PPh ) , which was 
precipitated in diethylether. So, from FPD measurements no dis­
sociation according to Eq. (1) can Ъе observed. In view of the 
31 
results of P-NMR spectroscopy and of the observed kinetics, 
this is not very surprising. The apparent contradiction be-
31 tween the results of P-NMR and osmometnc molecular weight 
determinations has also been found for the well investigated 
homogeneous hydrogénation catalyst RhCl(PRh,) ' . Also in 
this case complex preparation and molecular weight determina-
tions were performed in different solvents, so that strange 
solvent molecules may have complicated the interpretation of 
the resul ts . 
Finally i t has to be mentioned that X-ray analysis of CoH 
N (PPh,). shows the presence of a molecule Et^ O per molecule 
complex ' . 
VI.5 Conclusions 
1. CoIL(PPh-. )., has a dynamic structure at room temperature 
( 1 H-NMR). 
2. CoH (PPh ) is only slightly dissociated (3 P-NMR and FPD). 
3. Paramagnetic species are observed (EPH). 
4· The correct formula of the crystalline compound, precipita-
ted from Et20 has to be CoH (PPh,),.Et 0 ( H-NMR and FPD). 
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S U M M A R Y 
The aim of the invest igat ion, described in t h i s t h e s i s , has 
Ъееп a proposal to a mechanism for the hydrogénation of olefins 
on CoH (PPh ) . 
Chapter I I describes the k inet ics of the hydrogénation of 
cyclohexene at one temperature. These data could be explained 
and described with a r e l a t ive ly simple mechanism. The basic a s -
sumptions of the proposed mechanism were qual i ta t ive ly confirm-
ed by infrared spectroscopy. 
Chapter I I I gives extensive kinet ic r esu l t s concerning the 
cyclohexene hydrogénation. By measuring at more temperatures 
enthalpy and entropy differences for a l l steps of the mechanism 
could be determined. Interpretat ion of the entropy differences 
resulted in a very detai led mechanism, in which solvent molecu-
les play an important pa r t . Also bond strengths of the Co-hy-
dride, the Co-phosphme, the Co-olefin and Co-benzene bond were 
determined. These values compare well with available l i t e r a tu re 
data. 
Chapter IV shows the kinet ics of the hydrogénation of 1-hex-
ene, 1-heptene and cis-cyclooctene on CoH (PPh,) , . The ra te de-
pendences could be described with the ra te formula, given in 
chapter I I I . 
The influence of solvents on the ra te of hydrogénation of 
cyclohexene were determined and explained as described m chap-
t e r V. 
Finally, in chapter VI the resu l t s of measurements of non— 
kinet ic techniques (NMR, EPR and freezing point depression) are 
given, resu l t ing in a bet ter characterisation of the catalyst 
and confirming several aspects of the proposed mechanism. 
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S A M E N V A T T I N G 
Het doel van het onderzoek dat Ъезскге еп wordt in di t 
proefschrift was het opstel len van het mechanisme van de hydro-
genenng van d e f i n e n met CoH.(PPh ) als kata lysator . 
Hoofdstuk I I geeft een beschrijving van de kinetiek van de 
hydrogenering van cyclohexeen b i j één temperatuur. Deze gegevens 
konden worden verklaard en beschreven met een r e l a t i e f eenvou-
dig mechanisme. De basisaannamen van het voorgestelde mecha-
nisme werden kwali ta t ief bevestigd door infra-rood spect ros-
copische metingen. 
Hoofdstuk I I I behandelt een uitgebreide kinetische besch r i j -
ving van de cyclohexeen hydrogenering. Er werd b i j meerdere tem-
peraturen gemeten, waardoor de mogelijkheid ontstond om enthal— 
pie en entropie veranderingen t e bepalen voor a l l e stappen van 
het mechanisme. In te rp re ta t i e van die verschil len leidde t o t 
een aanzienlijk verfijnder mechanisme, waarbij oplosmiddelmole-
kulen een essent ië le r o l spelen. De sterkten van de Co-hydride, 
de Co-fosfme, de Co-olefme en co-benzeen bindingen werden be-
paald. De overeenkomst tussen de verkregen bindingsenergieën 
en beschikbare literatuurgegevens was verrassend goed. 
Hoofdstuk IV geeft de kmet iek van de hydrogenering van 1 — 
hexeen, 1—hepteen en cis-cycloocteen met CoH (PPh.) , . De gevon-
den kinetiek kon beschreven worden met de m hoofdstuk I I I ge-
geven reaktiesnelheidsformule. 
De invloed van oplosmiddelen op de hydrogenenngssnelheid 
van cyclohexeen werd bepaald en verklaard, zoals beschreven 
wordt in hoofdstuk V. 
Tenslotte geeft hoofdstuk VI de resul ta ten van metingen met 
met -k ine t i sche technieken (NMR, ESR en vr iespuntsdal ing) . Een 
betere karakter iser ing van de katalysator en een bevestiging 
85 
van verschillende aspekten van het voorgestelde mechanisme kon-
den hierdoor worden verkregen. 
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S T E L L I N G E N 
I 
Mengentropie kan een belangrijke ro l spelen in de kinetiek van 
gekatalyseerde reak t ies . 
I I 
Teneinde vertroebeling van de experimentele gegevens door kata^ 
lysator veroudering te voorkomen, verdient het aanbeveling kine-
tische re la t i es ui ts lui tend op i n i t i ë l e snelheden t e baseren. 
I I I 
Het door Simandi en Nagy geponeerde mechanisme voor de hydroge-
nering van kaneelzuur met Co(CN) als katalysator i s aanvecht-
baar. 
L.Simandi, F.Nagy, Acta Chim.Acad.Sci.Hung. ¿¿, 137 (1965)· 
IV 
Indien osmometrische molekulair gewichtsbepalingen worden u i t -
gevoerd in een ander oplosmiddel dan waarin de stof werd gesyn-
thetiseerd, dient men bedacht te zijn op komplikaties t . g . v . 
ingebouwde oplosmiddelmolekulen in het kr is ta l rooster van de 
stof. De gevonden diskrepantie tussen waarden van de fosfine 
dissociatie konstante van RhCl(PPh,) kan veroorzaakt zijn door 
dit effekt. 
J.A.Osborne et a l , J.Chem.Soc.A Ι ? ! ! (I966). 
P.Meakin et a l , J.Amer.Chem.Soc. 21) 3240 (1972). 
ν 
De door Osborne et al gevonden overgang m reaktieorde in kata­
lysator concentratie van één naar een half hoeft niet veroor-
zaakt te worden door een monomeer-dimeer evenwicht tussen kata-
lysator deel t jes . 
J.A.Osborne et a l , J.Chem.Soc.A I71I (1966). 
VI 
Bij de stapsgewijze synthese van peptiden met behulp van áktieve 
esters impliceert het gebruik van tyrosine met een onbeschermde 
hydroxylfunktie een gevaar voor de homogeniteit van het beoogde 
produkt. 
VII 
Бе veronderstelling van Yoshida et al dat de vorming van 4 , 4 Ί 
SjS'-tetracyano-l ,1 *,3,3'-tetrathiofulveen-2-trifenylfosfine-
sulfide door reaktie van 4i5--<iicyano-1,3-dithiol-2-thion met 
trifenylfosfine kan worden verklaard door aanname van 4 , 4 ' ) 5 ι 5 ' -
tetracyano-1,1",3,3"-tertathiofulveenepisulfide als intermediair 
i s discutabel. 
Z.Yoshida et a l , Tertah.Lett. ¿, 331 (1975). 
Vili 
Het feit dat PVlby et al geen disulfiden kunnen aantonen tijdens 
de oxidatie van thiolen tot sulfmezuren met metachloorperben-
zoëzuur s lu i t de reaktieweg via disulfiden niet u i t . 
A.Pilby et a l , J.Org.Chem. 407O (1973). 
IX 
Statistische thermodynamica is een goed middel om het begrip 
entropie beter hanteerbaar te maken voor de doorsnee chemicus. 
χ 
Het begin van een baanbrekende nieuwe ontwikkeling wordt meest­
al gekenmerkt door exponentiele groei. Extrapolatie m de tijd| 
zonder voldoende oog te hebben voor remmende faktoren, leidt 
onvermijdelijk tot onjuiste prognoses. 
XI 
Het verdient aanbeveling om zendgemachtigden het maken van re— 
klame ten gunste van eigen zuil tijdens de door hen verzorgde 
uitzendingen te verbieden. Verwijzing naar de STER is in zulke 
gevallen een bruikbaar en minder hinderlijk alternatief. 
XII 
Het verdient aanbeveling om op de dag van de arbeid dubbel 
hard te werken. 



